The biplane fluoroscopy guided robot system (BFRS) was developed for surgical robotic systems, minimally invasive surgeries, and cooperative robotic systems, as well as enhanced surgical planning and navigation with preoperative and intraoperative image data. OBJECTIVE: To propose a novel surgical robot system for percutaneous pedicle screw insertion. METHODS: The BFRS consists of an O-shaped biplane fluoroscope (O-arm), a surgical planning and operating system, and an assistive robot. Each part of the BFRS has a role in conducting percutaneous pedicle screw placements. To evaluate BFRS accuracy, each part was analyzed, and to assess the safety and feasibility of percutaneous pedicle screw insertions with the BFRS, cadaveric studies involving 14 levels in the thoracic and lumbar spine regions were conducted on 2 cadavers. RESULTS: Errors in each part of the system and within the entire system were evaluated. The accuracy of generating coordinates using O-arm images was 0.30 6 0.15 mm. The robot demonstrated a duplication value of 4.97 mm RMS and an accuracy of 0.358 mm RMS. Total system error was 1.38 6 0.21 mm. The results of the cadaveric studies show that inserted pedicular screws were adequately located within the spine with no unexpected malpositioning of the screws. The axial angle difference between planned and postoperative data was 2.45 6 2.56°, and the sagittal angle difference was 0.71 6 1.21°. CONCLUSION: The BFRS might be helpful in improving the accuracy of percutaneous pedicular screw insertion procedures. In the future, we will attempt to improve the accuracy and reliability of the BFRS and to determine new clinical applications for the BFRS.
F
or several decades, pedicular screw insertion methods have been used to obtain rigid fixation of the spine in fracture cases. This technique has been widely used in various circumstances because of its superior biomechanical properties, including fusion rate, early mobilization, and versatility. 1 Although there are numerous advantages in the use of pedicle screws, risks remain because of misplacement of pedicle screws. [2] [3] [4] The conventional pedicular screw insertion is performed using the open posterior approach, and the placement of percutaneous pedicle screws has also been widely used. [5] [6] [7] [8] [9] [10] To increase accuracy and to reduce risks, specially designed instruments and image-guided navigation systems have been developed to support pedicle screw insertion. [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] Although attempts to improve percutaneous pedicle screw placement continue, complications for intraoperative and postoperative time remain. [2] [3] [4] robotic systems have been developed conceptually and are not yet clinically applicable, although the SpineAssist system has been developed and used in clinical spinal fusion procedures. 32 The SpineAssist is a bone-mounted miniature robot that requires a frame to mount the robot on the spinous process. Some devices are used for registration procedures, whereas specially designed devices are used in percutaneous procedures. [24] [25] [27] [28] [29] Researchers have developed a novel assistive surgical robot system consisting of an image-guided system and a robot manipulator for spinal fusion procedures. We focus on the beneficial properties of spinal surgical robots that facilitate the completion of percutaneous procedures. 1) Cooperative robotic system. Fully automated surgical robotic systems entail a number of clinical problems resulting from the emergence of unexpected situations during surgery. The robot manipulator has good positioning and maintenance properties, but the capacity of the system to manage unexpected problems is limited. Surgeons, on the other hand, are not capable of the same positioning and maintenance skills, but they are better able to deal with unexpected problems. A cooperative procedure involving both a surgical robotic system and the surgeon presents an advance for spinal fusion procedures. 2) Enhanced surgical planning and navigation with preoperative and intraoperative image data. Widely used surgical navigation systems are based solely on either preoperative or intraoperative image data, as are the majority of surgical robot systems. In some cases involving 2-dimensional/3-dimensional (2D/3D) registration, the surgical environment is enhanced and more surgeon-friendly in surgical robotic systems. 3) Surgical procedures without any dynamic references or frames. Other surgical robotic and navigation systems have dynamic references or frames for several reasons, including registration, monitoring, and robot mounting, [24] [25] [26] [27] [28] [29] [30] [31] but they become cumbersome during operation. Particularly in spinal fusion procedures using fluoroscopic images, the reference frame becomes an obstacle in obtaining effective real-time fluoroscopic images of the surgical target region and registering preoperative computed tomography (CT) or (MR) data and intraoperative fluoroscopic images. Here, we propose a novel surgical robot system for percutaneous pedicle screw insertion designed to address the previously mentioned issues. To goal of this system is to improve the accuracy of the operational procedures.
MATERIALS AND METHODS
The Biplane Fluoroscopy-Guided Robot System (BFRS) consists of an O-shaped biplane fluoroscope (O-arm), a surgical planning and operating system (SPOS), and an assistive robot with 5 degrees of freedom (SPINEBOT). Each part of the system is designed with the workspace and necessities for operation in mind (Figure 1 ). The following sections describe each part of the BFRS and its related functions.
O-arm
The O-arm has 2 x-ray generators and 2 image intensifiers. These are arranged in a cross-shaped position on the O-shaped frame and provide simultaneous fluoroscopic images ( Figure 2 ). The intraoperative 2D x-ray images are taken and then sent to the SPOS. The acquired image properties are 8-bit VGA, are updated with 20-Hz frequency, and provide global coordinate information to the robot, which is computed by the SPOS with respect to the O-arm geometry. Because the BFRS requires no reference frame for the patient, the fluoroscopic images present a clear surgical target region free of obstacles. In addition, the O-arm is useful in surgical O-shape frame rotation and translation image intensifier procedures. These particular functions are very useful in obtaining clear surgical target region images.
Surgical Planning and Operating System
The SPOS involves surgical planning, real-time monitoring, and operation of the surgical robot. The SPOS has 8 views: 4 fluoroscopy image views (left-side views) and 4 CT data views (right-side views) ( Figure 3 ). The top 2 left-side views are real-time fluoroscopic views for monitoring; the other views are used in surgical planning. The right side consists of triorthogonal views and a 3D rendering view, which is useful in surgical planning with respect to the 3D volume information.
To carry out the functionalities for SPOS, several functions are essential: generation of 3D coordinates using 2 orthogonal fluoroscopy images and 2D/3D registration and additional functions for assisting surgical planning and operation.
Generation of 3D Coordinates Using Orthogonal Fluoroscopy Images
Three-dimensional coordinates are computed with anterior-posterior and lateral view orthogonal fluoroscopy images. For each view, corresponding points are detected, and epipolar lines of anterior-posterior and lateral views are defined with respect to the positions of x-ray tubes and the chosen points on the image planes. Three-dimensional coordinates are generated by finding the cross point of 2 epipolar lines ( Figure 4 ). The probability of having the cross point of 2 epipolar lines is very low, so the center point of the closet positions between the lines is calculated. This method for reconstructing 3D coordinates is widely used in computer vision research fields. 33 The computed 3D coordinates apply for registration between the SPOS coordinate system and the assistive robot coordinate system. Moreover, the coordinates consist of a surgical path as a target and entry point. With the results from the registration and the surgical path, SPOS commands are used in the operation of the surgical robot.
Registration Between the SPOS and SPINEBOT
The SPOS and SPINEBOT have different coordinate systems. To match the coordinates of the assistive robot system to the coordinates of the SPOS, in our system, a point-based registration method is applied. The registration method requires 9 corresponding points for registration. [34] [35] [36] During the initial setting time, the assistive robot moves along programmed paths while an SPOS operator detects the end-tip position of the robot through the use of fluoroscopy images. Using the moved robot point set (the point set from the SPINEBOT coordinates) and the SPOS-detected point set (the point set generated using orthogonal fluoroscopy images), the transformation matrix, which is the relationship between the 2 coordinate systems, is computed.
Such point-based registration methods are widely used in medical robot systems and surgical navigation systems. 13, 36, 37 Because other systems register between patient and image data, compensation strategies are necessary to prevent movement of the surgical target region. In our system, however, the registration procedure takes place between the Oarm imaging space and the robot coordinate data, thus removing any strategies that compensate for the movement of the surgical target region. This means that no sensors or reference frames are required for monitoring.
2D/3D Registration
The system receives preoperative CT or MR and real-time O-arm fluoroscopy images and then registers the preoperative image data with intraoperative fluoroscopic images using the intensity-based 2D/3D registration method. 38, 39 The surgeon then designs surgical targets and paths using triorthogonal views, which are automatically presented on 2D fluoroscopic images with respect to the relationship between 3D image data and 2D fluoroscopic images ( Figure 5 ). The SPOS sends the command for the surgical targets and paths to the robot, and the surgical robot acts as an assistant during the surgery. In our 2D/3D registration procedure, no reference frames or markers are necessary and no additional operation is required before 2D/3D registration.
Additional Functions for Assisting Surgical Planning and Operation
Several additional functions related to image enhancement enable surgeons to design a surgical path. In cases when fluoroscopic images have inferior contrast and quality, image enhancement techniques help surgeons detect surgical targets more accurately. Applied image enhancement methods involve gray-level transformations and linear filters. To manage unexpected situations, an emergency stop is built into the SPOS so that surgeons can stop the system should undesirable movement of the robot occur.
Surgical Assistive Robot
The purpose of the robot is to provide assistance to the surgeon, to hold surgical instruments, and to provide an accurate surgical path. Figure 6 shows the kinematic model of SPINEBOT and a developed surgical robot. This robot, composed of 1 prismatic joint and 4 revolute joints, is a serial manipulator with 5 degrees of freedom. The motion of the robot consists of 3 translational and 2 rotational motions. Therefore, the 5-degree of freedom robot can provide the surgeon with the appropriate entry point and insertion angle for the surgical tools. The direction of the prismatic joint of the robot remains parallel to the patient's body, so it has a slim base to minimize its volume. The robot simply assembles or dissembles the end-effector by using a dovetail mechanism. This end-effector mechanism can be conveniently sterilized by separation from the robot. Kinematic calibration serves to enhance the accuracy of the robot (Figure 7 ).
Percutaneous Pedicle Screw Insertion With the BFRS
Percutaneous pedicle screw placement procedures with BFRS are performed with surgical tools specially designed for the BFRS (Figure 8) . A preoperative CT scan is taken, and the CT image data are transferred to the SPOS. A patient is placed on the operating room table in the prone position. Biplane fluoroscopic images are taken and transferred to the SPOS. With the 2D/3D registration method, CT image data are registered to fluoroscopic images. A surgeon identifies a surgical target and path via 3 orthogonal views, and the targets are superimposed on fluoroscopic images. The target coordinates are then sent to the robot so that the robot can move to the surgical field. The surgeon inserts a K wire into the patient's body, confirming the position and orientation of K wire with biplane fluoroscopic images. After comparing planning and real-time x-ray data, the surgeon inserts a percutaneous pedicle screw with robotic guidance. The same procedure is repeated at other lumbar levels that require operation.
RESULTS
To evaluate performance and feasibility, we studied the accuracy of generating coordinates with O-arm images, the repeatability and accuracy of the robot, total system errors, and simulated surgery with cadavers. The results are described below.
Accuracy of Generating Coordinates With O-Arm Images
The accuracy of generating coordinates using O-arm images is analyzed by comparison with robot coordinates. As the SPINEBOT moves along the predetermined path, the displacement of the robot is measured with SPOS and compared with true robot displacement data. The comparing accuracy was 0.30 6 0.13 mm when the robot moved 30 mm (Table 1) .
Repeatability and Accuracy of the Robot
The robot has the repeatability of 4.97 mm RMS. These data were measured with a 3D measuring machine PMM-C 700 (Leitz Co, Stuttgart, Germany). The robot had an accuracy of 0.358 mm RMS for positioning during kinematic calibration, as measured by Optotrak Certus (NDI Co, Waterloo, Ontario, Canada), which has 0.15-mm-RMS accuracy.
Total System Errors
After registration between the SPOS and the SPINEBOT, the SPOS designates a target for evaluation, and data from the selected target are sent to the SPINEBOT. When the SPINEBOT reaches the target position, the SPOS computes the error between the planned target and the robot position. In this case, the distance of error was 1.38 6 0.21 mm.
Percutaneous Pedicle Screw Insertion During the Cadaveric Study
To conduct the cadaveric study, CT data with 2-mm thickness were acquired. Bilateral percutaneous pedicular screw insertion in the thoracic (T11-12) and lumbar (L1-5) spines was performed with the assistance of the BFRS in 2 cadaveric studies. During the first cadaver study, 6.0-mm-diameter, 40-mm-long screws were inserted in thoracic and lumbar pedicles. In the second cadaver study, 4.5-mm-diameter, 30-mm-long screws were used for the thoracic spine and 5.0-mm-diameter, 45-mm-long screws were used for the lumbar spine. After the operation, a postoperative CT scan was performed, and results were compared with the planning data ( Figure 9 ). Inserted pedicular screws were relatively well located in the spine with no unexpected spinal canal perforation. However, the results demonstrate malpositioning in 2 cases from the first cadaver study.
Evaluation of the pedicle screw placements was also conducted with postoperative CT scan data. According to the image data, pedicle screw placements were sufficient because there was no perforation of the spinal canal or unexpected malpositioning, except for 2 cases from the first cadaveric study. Results for successful and malpositioned pedicle cases are presented in Figure 10 . Furthermore, Table 2 demonstrates axial angle differences between planned and postoperative data. These results indicate the average error is 2.45 6 2.56°; the first cadaveric study had an error of 2.92 6 3.15°, and the second cadaveric study had an error of 1.98 6 1.79°. Table 3 demonstrates lateral angle differences between planned and postoperative data. The average error is 0.71 6 1.21°; the error of the first cadaveric study is 1.12 6 1.57°, and the error of the second study is 0.28 6 0.48°.
DISCUSSION
Percutaneous pedicle screw placements with conventional and image-guidance techniques have demonstrated acceptable results. 20, [40] [41] [42] [43] [44] [45] [46] The majority of surgeries may have an initial period that is challenging, but the results improved as more experimental cases were conducted. This has been proven in our studies, which demonstrate that results from the second round of study improved after the first study. The BFRS is a novel surgical robot system in minimally invasive pedicular screw placement, which also requires an initial period of challenging operation with the BFRS. Although this system demonstrates a small margin of error, the results will improve as experience with the procedure increases.
The BFRS facilitates the percutaneous pedicular screw insertion procedure without the use of dynamic references and frames for registration or robot mounting. This is a distinct property compared with any other surgical robot system in clinical use. Several advantages exist because no dynamic reference or frame is required during preoperative and intraoperative time. 3) There is a greater capability to use other applications. The BFRS is applicable within other clinical fields. If an alternative system necessitates that a dynamic reference or frame be attached to the surgical target region, regions with an attached reference or frame are impossible to operate on in conjunction with the robot system. Because the BFRS has no requirements for a reference or frame, the BFRS has greater potential to work with other applications. Several procedural evaluations indicate that the BFRS exhibits some errors. Despite these errors, the BFRS has proven its capability for performance in the insertion of percutaneous pedicular screws. The system also demonstrates excellent percutaneous pedicle screw placements, no perforation of the spinal canal, and an insignificant number of malposition cases. To advance the BFRS, each error is analyzed. 1) Error related to the reconstruction of 3D coordinates with O-arm images. O-arm fluoroscopic images sustain a distortion error resulting from electromagnetic fields in the vicinity of the O-arm. This remains a general problem whenever fluoroscopic imaging devices are used. As a result, it is impossible to entirely remove this error. In the future, more accurate correction of the fluoroscopic images will be applied using more sophisticated calibration methods. 2) Errors within registration procedures. In the BFRS procedures, 2 registration processes are required to register between the robot manipulator and O-arm image coordinates and between preoperative CT or MR image data and intraoperative O-arm fluoroscopic images. For the initial registration between the robot manipulator and O-arm image coordinates, a pointbased registration method is applied. This point-based method has minor errors that can be safely ignored. 36, 37, 47 For another registration between preoperative CT or MR image data and intraoperative O-arm fluoroscopic images, an intensity-based 2D/3D registration method is applied to the BFRS. Although this registration method has not been specifically evaluated, the cadaveric study with 2D/3D registration demonstrated adequate results. Furthermore, the study proved that the quality of fluoroscopic images affected the accuracy of the 2D/3D registration. In the lumbar spine, a high-quality fluoroscopic image resulted in a good 2D/3D registration. In the thoracic spine, however, ribs and hardened organs led to a low-quality fluoroscopic image, thus making the 2D/3D registration procedure rather difficult. In exceptional cases, severe osteoporosis and compression fracture of vertebra make the results of 2D/3D registration worse than in other cases. In some thoracic spine cases, the 2D/3D registration process may be repeated because of unsatisfactory results. Fortunately, we were eventually able to obtain a satisfactory registration result. 3) Errors resulting from robot manipulator. The robot manipulator (SPINEBOT) is designed to assist the surgeon in holding surgical instruments and providing an accurate surgical path. Because the manipulator is manufactured in a university laboratory, there is low occurrence of manufacturing errors. Little difference is evident between the real and desired kinematic parameters of the robot manipulator. To reduce any potential differences, robot calibration was performed with several calibration methods. [48] [49] [50] The robot manipulator still maintained a slight difference when comparing the desired position and orientation with the resultant position and orientation. Using a more sophisticated algorithm to calibrate the robot manipulator will enable a better workspace for pedicle screw insertion. conduct these procedures in conjunction with BFRS. This cadaveric study marks the first time that the BFRS was used in an operation. Familiarity and experience are necessary for surgeons to demonstrate high levels of performance. Surgeons conducting this experiment had no opportunity to train in BFRS operation techniques. Consequently, the results of the second cadaveric study were much better than results from the first study. Increased familiarity with the BFRS will enable future studies to yield better results.
To validate this system, 28 pedicular screw insertions at 14 levels in 2 cadavers were conducted. In each screw insertion, full procedures from preoperative tasks to postoperative tasks were tested and evaluated to determine whether they are proper to apply to clinical fields. It is the same as examining this system in a clinical point of view 28 times. We checked spine registration, preoperative planning, robot movement, and surgical procedure in every pedicle screw insertion case. Although they are 2 cadaver studies, the validation results are due to the 28 experiments. Engineers and neurosurgeons participated in these experiments, and they agree that this system has proper roles for percutaneous pedicle screw insertion procedures and that those results are applicable to clinical applications. Some clinical experiments will be conducted in the near future.
CONCLUSION
The BFRS might be helpful in improving the accuracy of percutaneous pedicular screw insertion procedures and has satisfied the initially focused properties for a surgical robot system. Moreover, this robotic system has the potential to reduce total operation time. These cadaveric studies were conducted to assess the initial version of BFRS and to obtain adequate results as the first step in the development of a novel surgical robotic system. In future studies, we will attempt to improve the accuracy and reliability of the BFRS and to determine novel clinical applications for the BFRS.
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